The etch characteristics of CoFeB magnetic films and magnetic-tunnel-junction (MTJ) stacks masked with Ti films were investigated using an inductively coupled plasma reactive ion etching in a HBr/Ar gas mix. The etch rate, etch selectivity, and etch profile of the CoFeB films were obtained as a function of the HBr concentration. As the HBr gas was added to Ar, the etch rate of the CoFeB films, and the etch selectivity to the Ti hard mask, gradually decreased, but the etch profile of the CoFeB films was improved. The effects of the HBr concentration and etch parameters on the etch profile of the MTJ stacks with a nanometer-sized 70 × 100 nm 2 pattern were explored. At 10% HBr concentration, low ICP RF power, and low DC-bias voltage, better etch profiles of the MTJ stacks were obtained without redeposition. It was confirmed that the protective layer containing hydrogen, and the surface bombardment of the Ar ions, played a key role in obtaining a steep sidewall angle in the etch profile. Fine-pattern transfer of the MTJ stacks with a high degree of anisotropy was achieved using a HBr/Ar gas chemistry.
INTRODUCTION
Magnetic random-access memory (MRAM) device, which is one of the next-generation memory devices, is composed of magnetic-tunnel-junction (MTJ) stack and complementary metal oxide semiconductor (CMOS). It can provide the key advantages of long-term data retention, rapid on/off operation, and high storage density, which are the crucial features for the application to general consumer electronic systems containing mobile handheld devices. MRAM device may be employed as an effective replacement for static random-access memory (SRAM) device, dynamic random-access memory (DRAM) device, flash memory device, and their combinations, to provide highspeed operation, low operating voltage, and nonvolatile storage. [1] [2] [3] [4] [5] CoFeB thin films have been used of late as free layers in MTJ stacks, instead of the conventional NiFe and CoFe films, to improve the electrical properties of MTJ stacks. In this study, the etch characteristics of CoFeB films, among the various magnetic thin films, were examined because they are currently used as the key layers in MTJ stacks. In * Author to whom correspondence should be addressed. addition, to realize high-density MRAM devices, the patterning and etching of MTJ stacks should be developed. The etching of MTJ stacks is known to be very difficult, however, because the metals and magnetic materials hardly react with chemically reactive species, such as the radicals in the plasma. Initially, ion beam etching was used to etch the magnetic films and MTJ stacks, and chemically assisted ion etching (CAIE) and reactive ion etching (RIE) were then employed, but the etch results were not satisfactory because such etching methods have a slow etch rate and a poor etch profile, with redeposition along the etched patterns. 4 6 7 Inductively coupled plasma RIE (ICPRIE) using Cl 2 /Ar, BCl 3 /Ar, and HBr/Ar gas mixes was then carried out on the magnetic films and MTJ stacks, providing promising results, such as a fast etch rate and a good etch profile. In particular, the HBr/Ar gas chemistry showed the possibility of good pattern transfer in the etch profile, but the use of an improper etch process for magnetic films and MTJ stacks resulted in a redeposited or tapered etch profile, which often results in the degradation of the magnetic characteristics of the MTJ, and dimensional loss or misalignment. 2 8-12 In this study, ICPRIE of CoFeB films and MTJ stacks with nanometer-sized patterns was carried out using an etch chemistry of HBr/Ar gas mix. 
EXPERIMENTAL DETAILS
To examine the etch characteristics of the CoFeB films and Ti hard masks, DC magnetron sputtering was employed for the deposition of CoFeB films and Ti hard masks on Si substrates, followed by photolithography, using a 1200-nm-thick conventional photoresist (PR) for patterning. Then, Ti hard masks were etched using an ICPRIE (A-Tech System) in Cl 2 /Ar gas. After etching the Ti hard masks, the PR masks were removed with a PR stripper and via O 2 plasma ashing, leaving a patterned Ti mask atop the blanket of CoFeB films. The MTJ stacks were prepared by DC-magnetron sputtering on SiO 2 /Si substrates. The structure of MTJ stack was Ru(5)/Ta(10)/CoFeB(5)/MgO(2)/CoFeB(5)/ PtMn(15)/Ta(30) (unit: nm). Ti thin films were also employed as hard masks for the etching of the MTJ stacks, and were deposited on top of the MTJ stacks by DC-magnetron sputtering. The Ti thin films on the MTJ stacks were patterned with nanometer-sized 70 × 100 nm 2 dimensions by electron beam (e-beam) lithography, using a 300-nm-thick negative e-beam resist. Subsequently, the Ti thin films patterned with the e-beam resist were etched in Cl 2 /Ar gas. The e-beam resist was removed with a stripping solution after the etching of the Ti thin films.
All the etching processes, including the etching of the MTJ stacks, were carried out with the use of an ICPRIE system (A-Tech System, South Korea) equipped with a main process chamber and a loadlock chamber. The substrate was cooled with He gas, which the area between the substrate and the susceptor was filled with. The susceptor was chilled with cold fluid from a circulator kept at 15 C. The main spiral coil, which was connected to a 13.56 MHz RF power supply, was located on the lid of the process chamber to generate high-density plasma. A DC bias voltage induced by RF power at 13.56 MHz was capacitively coupled to the substrate susceptor to control the ions' energy in the plasma. 10 The effects of the HBr gas concentration and etch parameters on the etch characteristics of the CoFeB films and MTJ stacks were investigated. The etch parameters that were used in this study were ICP RF power and DC bias voltage at the substrate. The etch profile of the MTJ stacks was observed using field emission scanning electron microscopy (FESEM) and scanning transmission electron microscopy (STEM). Energy-dispersive spectroscopy (EDS) in TEM was performed for the sidewall of the etched MTJ stacks. The etch rates were measured using a surface profilometer (Tencor P1). In addition, optical emission spectroscopy (OES) was employed to analyze the intensity variation of the active species in plasma.
RESULTS AND DISCUSSION
The possible etch products of CoFeB films and MTJ stacks were surveyed to choose the effective etch gas. It is known that chlorine and bromine compounds have lower melting and boiling points than fluorine compounds. 10 13 The etch characteristics of magnetic films and MTJ stacks had been explored using chlorine-based gas. The etch profile of the magnetic films and MTJ stacks etched in chlorine-based gas showed a shallow etch slope without redeposition. 7 8 To improve the etch profile of the MTJ stacks, a HBr/Ar gas mix containing bromine was used as etch gas in this study.
To find the proper concentration of the etch gas, the etch rate of the CoFeB films, and the etch selectivity to the Ti hard mask, were examined at the predetermined etching conditions of 800 W ICP RF power, 300 V DC bias voltage at the substrate, and 0.67 Pa gas pressure. Figure 1 shows the changes in the etch rate of the CoFeB and Ti films, and in the etch selectivity, for varied HBr concentrations. As the HBr concentration increased, the etch rate of the CoFeB films decreased, but that of the Ti hard mask initially decreased in 3.4% HBr/Ar and then gradually increased, leading to a decrease in the etch selectivity of the CoFeB films to the Ti hard mask. Due to the low etch selectivity at a high HBr concentration, the HBr concentration for the etching of CoFeB films and MTJ stacks was varied only up to 10% HBr in the HBr/Ar gas mix. With increasing HBr concentration, the etch rate of the CoFeB films decreased due to the decrease in the Ar sputtering effect and/or the hindrance of the protective layer containing hydrogen, although the Br radical increased. The etching of the Ti hard mask was enhanced, however, due to the RIE mechanism in HBr/Ar chemistry.
The effect of the gas concentration on the etch profile of the CoFeB films was investigated. in different concentrations of HBr containing pure Ar: 3.4% HBr/Ar, 6.7% HBr/Ar, and 10% HBr/Ar. The etch profile of the CoFeB films in pure Ar exhibited a relatively vertical etch slope with slight redeposition, as shown in Figure 2 (a). In the case of the 3.4% HBr/Ar gas, the etched sidewall of the patterns became clean, without any redeposition, but the sidewall slope of the etched patterns (hereafter referred to as "etch slope") was slanted ( Fig. 2(b) ). The greater the amount of HBr gas was added to Ar (3.4∼10% HBr/Ar), the more vertical the etch slope became. This is attributed to the role of the H species due to the increased amount of HBr gas. The optical emission intensity of the hydrogen species in plasma was investigated using OES, to correlate the etch characteristics of etch rate and etch profile with the role of the protective layer, consisting mainly of hydrogen radicals (Fig. 3) . As the HBr concentration increased, the optical emission intensity of the hydrogen radicals (656.5 nm) steadily increased, and the intensity ratio of the hydrogen radicals to Ar (751.5 nm) initially increased but seemed to become stable after etching in 30% HBr concentration. The increase in the intensity of the hydrogen radicals implies the effective formation of a protective layer containing hydrogen species on the Ti hard mask and CoFeB films. The protective layer on the sidewall of the CoFeB films rather than on the Ti hard mask can survive against the vertical bombardment through the sputtering of Ar ions in plasma, which leads to the vertical etch profile of CoFeB films. Figure 4 shows FESEM micrographs of e-beam-resistpatterned Ti/MTJ stacks on a SiO 2 /Si substrate, an etched Ti hard mask, and etched MTJ stacks at different gas concentrations. The pattern size of the MTJ stacks was 70 × 100 nm 2 . First, Ti thin films patterned with a 300-nm-thick e-beam resist were etched using a Cl 2 /Ar gas mix, then the etched 100-nm-thick Ti films were used as hard masks for the etching of the MTJ stacks. The etching conditions of the Ti hard mask, which were optimized from the previous study, were 20% Cl 2 /Ar gas, 700 W ICP RF power, 300 V DC bias voltage, and 0.13 Pa gas pressure. The vertical etch profile of the Ti thin films with an etch slope of more than approximately 80 was obtained, as shown in Figure 4(b) .
After the etching of the Ti hard masks in Cl 2 /Ar plasma, the MTJ stacks were etched under varied HBr concentrations at 800 W ICP power, 300 V DC bias voltage, and 0.67 Pa gas pressure. It is clear that the redeposition was formed around the sidewall of the MTJ stacks etched in pure Ar (Fig. 4(c) ). With increasing HBr concentrations from 3.4 to 10%, it is observable from Figures 4(d) and (e) that the etch profile of the MTJ stack etched in 10% HBr/Ar was improved without redeposition. At a higher HBr concentration, it is expected that the protective layer containing hydrogen radicals in plasma was effectively formed on the patterns so that it protected the sidewall of the patterns during the etching process, resulting in the high-degree anisotropic etch profile of the MTJ stack. different HBr concentrations was negligible. Therefore, an etch chemistry of 10% HBr in HBr/Ar gas mix was chosen in this work to investigate the effect of etch parameters on the etch profiles of MTJ stacks.
To examine the effect of etch parameters on the etch profiles of MTJ stacks, MTJ stacks were etched under varied etch parameters, including ICP RF power and DC bias voltage, in 10% HBr/Ar gas mix. The standard etch conditions were the same as those that were used at the varied HBr concentrations. When one parameter was varied, the other parameters were fixed. Figure 5 shows FESEM micrographs of the MTJ stacks that were etched with different ICP RF powers and DC bias voltages. The gas pressure in the etch chamber was constant (0.67 Pa). As the ICP RF power decreased from 1000 to 700 W, the etch slope of the MTJ stack was improved with a high degree of anisotropy. As the plasma density was reduced by the decrease in ICP RF power, the attack of Ar ions and Br radicals onto the pattern sidewall significantly decreased while the protective layer, consisting of hydrogen radicals adsorbed on the Ti hard mask, effectively protected the sidewall of the patterns. This means that for a high degree of etch anisotropy, the sputtering by Ar ions and the chemical attack by the Br radicals are more important than the amount of a protective layer as long as the minimum HBr concentration is maintained. It is evident from Figure 5 that the redeposition on the sidewall of the MTJ stack etched at 1000 W was formed, and a clean etch profile of These results could have been caused by the two different ion energies, through the variation of the DC bias voltage and the protective layer formed on the pattern. The hydrogen radicals at the 10% HBr/Ar concentration formed a layer over the entire exposed surface, and the layer on the sidewall of the pattern acted as a protective layer against the sidewall attack by the Br radicals and/or Ar ions. At a low DC bias voltage, this layer can serve as a protective layer due to the weak bombardment by ions. In the meantime, at a high DC bias voltage, the strong bombardment by highly energetic ions results in the selective protection of the pattern sidewall, leading to a vertical etch slope and redeposition regardless of the presence of a protective layer. Figure 6 shows TEM micrographs of the MTJ stack etched at 6.7% HBr/Ar, with a 900 W coil RF power, 200 V DC bias voltage, and 0.67 Pa gas pressure. The sidewall of the etched MTJ stack was analyzed to examine the existence of any residual species after etching. It seems from Figures 6(a) and (b) that there was a thin layer or that there were some particles on the sidewall of the etched MTJ stacks. From the EDS analysis of point 1 in Figure 6 (b), the thin layer or the particles were identified to be mainly a Pt layer, a coating material for SEM observation. It was found that there were no etch residues or redepositions on the MTJ stacks etched under these etching conditions. Therefore, it can be concluded that clean etch profiles of the nanometer MTJ stacks (70 × 100 nm 2 ) were achieved with a high degree of anisotropy, without etch residues or redepositions.
CONCLUSIONS
ICPRIE of CoFeB films and MTJ stacks was performed using HBr/Ar gas. Ti thin films were utilized as hard masks for the etching of the CoFeB films and MTJ stacks. As the concentration of the HBr gas increased from pure Ar to 10% HBr/Ar, the etch rates of the CoFeB films, and the etch selectivity to the Ti hard masks, gradually decreased. The etch profiles of the CoFeB films with increasing HBr concentration were improved without redeposition. This is attributed to the protection by the hydrogen species on the pattern sidewall in the 10% HBr/Ar gas chemistry.
The Ti hard masks on the MTJ stacks were patterned with 70 × 100 nm 2 dimensions by e-beam lithography, and were then etched in Cl 2 /Ar plasma. Finally, the MTJ stacks with Ti hard masks were etched using HBr/Ar gas. The etch characteristics of the MTJ stack were examined under varied HBr concentrations and etch parameters, including ICP RF power and DC bias voltage. The etch profile of the MTJ stack that was etched at 10% HBr/Ar was better than those of the MTJ stacks that were etched in pure Ar and 3.4% HBr/Ar. At a low ICP RF power and a low DC bias voltage, the etch slopes of the MTJ stacks were improved without redeposition. Based on the OES and SEM observation, it can be concluded that the protective layer containing hydrogen radicals and the weak bombardment of the protective layer by the Ar ions are key factors in obtaining a vertical etch profile. A good pattern transfer of an MTJ stack with a nanometer-sized pattern was achieved using HBr/Ar chemistry at optimized etching conditions.
